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ABSTRACT 
Mitotic apparatuses  (MA) isolated from mctaphasc sea urchin eggs in  12 %  hexylene glycol 
at pH 6.4 can bc dissolvcd rapidly in 0.6 M KC1, and more than one-half of the total protein 
of thc MA is soluble under  thesc conditions.  In the phase-contrast  microscope, the fibrous 
structure of the MA can be scen to disintegrate in KC1 solution, leaving only granular ma- 
terial which, in thc electron microscope has becn seen to be largely vesicular, with no evi- 
dence of microtubules or other fibrous elements. The KCl-solublc material thus must contain 
the soluble components of thc microtubules  and  consists of one major,  homogeneous com- 
ponent with a sedimentation coefficient of 22 Svedbcrgs, and a much smaller amount of more 
heterogcneous material sedimenting at 4-5S. A component similar to the 22S component can 
be identified in extracts of unfertilized eggs, where it forms approximately 8 %  of the total 
cell protein.  The amount of this protein present in the cell is considerably in excess of that 
involved in the MA, as can be shown by its presence in the soluble supernatc from a mitotic 
apparatus  isolation. This protein must form part of, or be associatcd with, the fibrous struc- 
ture of the MA in some fashion that allows its release only upon the dissolution of the mitotic 
apparatus. 
INTRODUCTION 
One of the basic problems concerning the mitotic 
apparatus  (MA) that should be easily answered by 
isolation methods is the nature of its macromolec- 
ular  components.  It is obvious that the identifica- 
tion of these components must precede any inves- 
tigation  of  their  origin  within  the  cell  or  the 
mechanism  of  their  assembly  into  the  fibrous 
structure of the mitotic apparatus.  Electron micro- 
scope studies of dividing cells (5,  7,  12,  25,  36,  39, 
40)  have  shown  that  the  spindle  and  asters  are 
formed  of  200-A  tubular  elements,  now  termed 
microtubules,  and  electron  microscope  observa- 
tions  of  isolated  mitotic  apparatuses  (19)  have 
shown that these elements are preserved by current 
isolation  techniques.  Since  similar  microtubules 
have been identified in a wide variety of ceils under 
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tion  gained  about  the components  of the mitotic 
apparatus  is  of considerable  general  interest.  In 
fact,  the isolated  mitotic apparatus  may prove to 
be one of the most convenient sources of relatively 
pure and concentrated  microtubules. 
The experimental attack on this problem would 
appear  to  be  quite  straightforward--the  mitotic 
apparatus  has  only  to  be  isolated  and  dissolved, 
and  its  soluble  components  identified.  Until  re- 
cently,  however,  such  investigations  have  been 
limited  by the relative insolubility of the isolated 
MA.  Identification of the constituent macromole- 
cules of the mitotic apparatus is possible only if the 
MA can be brought into solution under conditions 
which  will not  modify  the  physical  properties  of 
these components. 
The  composition  of the  mitotic  apparatus  has 
been  of  interest  since  the  beginning  of isolation 
experiments.  In  the  first  report  of the  successful 
isolation of the mitotic apparatus  from synchron- 
ously  dividing  sea  urchin  eggs  (33),  Mazia  and 
Dan  dissolved  the  alcohol-digitonin-isolated  MA 
in 0.5 M NaOH  and ran the resulting soluble ma- 
terial in the analytical ultracentrifuge. They found 
one major protein  component,  with  a  sedimenta- 
tion  coefficient of 4S.  The  highly alkaline  condi- 
tions  required  to  solubilize  such  MA  would  be 
expected  to  reduce  the  proteins  present  to  their 
smaller  subunits,  and  the  component  seen  very 
likely  resulted  from  such  a  splitting  of  a  larger 
molecule. 
Zimmerman  (53)  later found that such alcohol- 
digitonin-isolated  MA  could  be  dissolved  under 
less drastic conditions in the presence of the organic 
mercurial  Salyrgan.  The  MA  were  dissolved  in 
0.1  M Salyrgan,  and  ultracentrifugation  of  such 
solutions showed  the presence of two components, 
one having a  sedimentation  coefficient similar  to 
that seen by Mazia (3.7S)  and the other a  smaller 
amount  of  a  more  rapidly  sedimenting  material 
(8.6S).  This latter  material  disappeared  from the 
solution  on dialysis.  A  measurement  of  the  mo- 
lecular weight of such dissolved MA by the Archi- 
bald  approach  to  equilibrium  method  gave  a 
value of 315,000. 
Since it was relatively easy  to  stabilize the  mi- 
totic apparatus with the methods then available but 
much more difficult to dissolve it, Kane and Hersh 
(23) attempted to approach the problem in reverse. 
If the protein  or proteins  involved in the  mitotic 
apparatus  are  present  in  the  unfertilized  egg,  it 
might be possible to identify this "precursor" pro- 
tein by comparing extracts of such cells with those 
of metaphase  cells in which the mitotic apparatus 
had  been  stabilized  by  treatment  with  the isola- 
tion medium.  If the amounts  of protein  involved 
are sufficiently large to be identified by the meth- 
ods  used,  one  would  expect  that  the  protein  in- 
volved in the mitotic apparatus  would decrease in 
amount  or disappear  from extracts  of metaphase 
eggs made under such conditions. Kane and Hersh 
found  two  major  components  present  in  extracts 
of unfertilized eggs, which were identified by their 
unextrapolated  sedimentation coefficients of 7 and 
20S.  Some  indication  of  a  fluctuation  in  the 
amount of 7S protein present in the eggs of Arbacia 
punctulata was found,  but  could  not  be  confirmed 
in the eggs of Strongylocentrotus purpuratus. 
An investigation of the problem of protein  pre- 
cursors  to  the  mitotic  apparatus  was  made  by 
Went  (50),  using  immunological  methods.  Anti- 
bodies  to  the  dissolved  MA  were  prepared  and 
these antibodies were found  to react with extracts 
of  unfertilized  eggs,  indicating  that  some  "pre- 
cursor" material was present in such cells. Further 
experiments  showed,  however,  that  this  material 
was not the 7S protein  of Kane  and  Hersh.  Fluo- 
rescent antibody techniques (52) demonstrated this 
material throughout the cytoplasm of the dividing 
cell,  indicating  that  it  was  present  in  amounts 
considerably in excess of that required for the for- 
mation of the mitotic apparatus. 
The development of methods for the direct iso- 
lation  of the  mitotic apparatus,  first using dithio- 
diglycol and  believed  to depend  on  the  presence 
of disulfide  (34),  but  later  generalized  to  a  wide 
variety of simple glycols and alcohols (18,  20), has 
made  possible  a  direct  attack  on  the  proteins  of 
the mitotic apparatus,  since MA isolated by these 
methods  can  be dissolved under  mild  conditions. 
Dirksen  (9)  first  reported  on  the  protein  compo- 
nents  of  dithiodiglycol-isolated  parthenogenetic 
asters dissolved in 0.53 M KCI at pH 9.  She found 
two ultracentrifugal  components,  with  sedimenta- 
tion coefficients of 14 and 21S, plus a large amount 
of low molecular weight material.  Most recently, 
Sakai  (42)  has  studied  the  mitotic  apparatus  iso- 
lated  in  the  related  compound  dithiodipropanol 
and dissolved in 0.53 M KC1. He found components 
similar  to  those  seen  by  Dirksen  (9),  with  sedi- 
mentation coefficients of 13 and 22S, and, in addi- 
tion,  identified  a  more  slowly  sedimenting  3.5S 
component.  Comparative  studies  on  the  soluble 
fraction  of  mitotic  apparatuses  isolated  by  the 
original  alcohol-digitonin  method  (33)  and  dis- 
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the 3.5 and  13S components to be present, leading 
Sakai (42) to conclude that these were constituents 
of the fibrous structure  of the  mitotic apparatus. 
His  studies were  concerned  primarily with  these 
components  and  he  observed  that  both  these 
components were  cleaved  to  a  2.5S  subunit  by 
snlfite, indicating that the  13S  component might 
be a polymer of the 3.5S. Since the 22S component 
was unaffected by his reagents and not present in 
the soluble fraction from the alcohol-digitonin MA, 
he did not definitely identify this as a  component 
of the mitotic apparatus, although he did mention 
that it was not a  ribosomal particle. 
The  purpose of the  experiments reported here 
is  to  identify  the  soluble  proteins  of the  gylcol- 
isolated mitotic apparatus  and  make  them avail- 
able for physical chemical study.  Since stabiliza- 
tion of the mitotic apparatus has been shown to be 
controlled by the concentration of nonelectrolyte 
and pH  (20),  and not to depend on  the presence 
of added  disulfide,  hexylene glycol was  used  for 
the  isolation  of these MA.  This  avoids the  com- 
plication of adding disulfide to a  system in which 
one is attempting to determine the presence and 
role of these bonds.  It has  also  been shown that 
changes in the structure and properties of the MA 
occur  after  isolation  (22),  and  this  information 
was  utilized  in  these  experiments to  obtain  MA 
which had undergone a  minimum of modification 
during or after isolation. The problems to be con- 
sidered include the  amount  of soluble protein in 
the MA, the major components present in the sol- 
uble  fraction,  their origin  in  the  MA,  and  their 
relation to soluble proteins of the cell. This inves- 
tigation leads directly to  a  detailed study,  which 
follows this paper  (47),  of the physical properties 
of the major soluble mitotic apparatus protein and 
its  subunits.  Brief reports  of this  work  have  ap- 
peared in abstract form (21, 46). 
MATERIALS  AND  METHODS 
The gametes of the sea urchins Arbada punctulata and 
Strongylocentrotus purpuratus were used as experimental 
material.  Gametes of A. punctulata were obtained by 
the application of 10  v  AO  across the test  (13),  and 
gametes of S. purpuratus were obtained by the injection 
of 0.53  M KCI  (48).  The eggs were washed severn 
times in sea water before fertilization and only those 
showing 95% or better fertilization were used. 
The  mitotic  apparatus  was  isolated  by  methods 
previously described (18, 20). Briefly, the method con- 
sists of the removal of the fertilization membrane by 
treatment of the eggs, immediately after fertilization 
with a  1 M solution of urea. The eggs are allowed to 
develop in  calcium-free sea  water until  the desired 
stage is reached and then they are washed twice in a 
mixture of isotonic sodium potassium chlorides. The 
cells  are  washed  and  then  lysed  in  12%  hexylene 
glycol, buffered at pH 6.4 with 0.01 M  potassium phos- 
phate. The temperature is reduced  to  0°C  immedi- 
ately  after  lysis,  and  all  succeeding operations  are 
carried out at this temperature. The isolated MA are 
separated from the lysate by differential centrifuga- 
tion and washed three times in the same glycol me- 
dium.  They are then pelleted by centrifugation and 
dissolved in 0.6 M KCI, buffered at pH 7.5 with Tris- 
HCI.  After  dissolving for  periods  of  1-12  hr,  the 
solution is centrifuged at 25,000 g for 30 min and the 
supernatant solution is  dialyzed against a  large vol- 
ume of the same KC1 solution for at least 12 hr. 
Extracts  of  unfertilized  eggs  were  prepared  by 
removing the jelly and membranes in 1 M urea, wash- 
ing in two changes of a  mixture of isotonic sodium 
and potassium chlorides, and lysing in the same 12% 
hexylene glycol solution used for isolation. After lysis, 
the solution was centrifuged at 25,000 g for 30 min and 
the  clear supernatant was  dialyzed  against  a  large 
volume of 0.6 MKC1,  buffered at pH 7.5 with 0.01 
Tris-HCl. 
Protein concentrations were routinely measured by 
280/260  m#  absorption, by using the data of War- 
burg and Christian  (49)  in nomogram form. Values 
obtained by  this  method were comparable to  those 
obtained  by  means  of the  Lowry  procedure  (29), 
which used a  serum albumin standard. All solutions 
were dialyzed before measurement in order to elimi- 
nate interference by the relatively large amount of  low 
molecular  weight absorbing  material  present.  The 
volume of packed, jellyless eggs present in  the last 
step before lysis was used as an estimate of egg quan- 
tities. This eliminates the variabil;ty due to differing 
jelly  volumes  and  gives  quite  reproducible  results. 
Assuming a diameter of 74 IZ for the eggs of A. punctu- 
lata,  1  ml  of packed cells,  without spaces,  contains 
4.7  M 106 eggs. The same volume of& purpuratus eggs, 
with a diameter of 80 #, contains 3.7  X  106 eggs. 
Analytical ultracentrifugation was carried  oat  at 
20°C in a Spinco Model E centrifuge, with the use of 
a  phase plate in the Schlieren optical system. Com- 
parative measurements of concentration were made 
by the paper weight method and were not corrected 
for radial dilution or the Johnston-Ogston effect (17). 
Electron microscope studies were made on pellets 
fixed for 30 rain in 1% OsO  4 in 12% hexylene glycol 
at 0°C. After fixation, the pellets were dehydrated in 
a graded ethanol series and embedded in Araldite by 
the method of Luft (30). Sections were cut on an LKB 
ultrotome  and picked  up  on formvar- and  carbon- 
coated  grids.  They  were  stained  with  lead  citrate 
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Siemens Elmiskop I  at 60 kv with a 200  ~  condenser 
and 50/~ objective aperature. 
RESULTS 
Preparation  of the MA Protein 
The  last  step  of the  usual  glycol isolation  pro- 
cedure involves the lysis of the metaphase cell in a 
12 %  hexylene  glycol solution  at  pH  6.4.  The  re- 
sulting lysate contains the intact MA suspended in 
a  medium  containing  the  soluble  proteins  of the 
cell.  The  mitotic  apparatuses  can  be washed  free 
from  these  soluble  proteins,  while  retaining  their 
native  structure  and  solubility  properties,  by 
passing  them  rapidly  through  several  changes  of 
fresh  glycol  medium  maintained  at  0°C.  Since 
only a  few tenths of a  milliliter of packed MA are 
obtained  in  the  usual  isolation  experiment,  these 
MA can easily be washed with 50 times their vol- 
ume  of glycol  solution.  After  three  such  washes, 
the  concentration  of  soluble  protein  in  the  last 
wash is reduced  to a  negligible value. The volume 
of the pellet of packed MA recovered from the last 
wash is then measured and an equal volume of 1.2 
M KC1  is  added,  giving a  final  concentration  of 
0.6  M.  As  described  previously  (18),  freshly  iso- 
lated  MA dissolve immediately in such a  solution, 
with the entire fibrous structure  of the MA break- 
ing  down.  Samples  of  this  solution  examined  in 
phase contrast show no intact MA or recognizable 
MA fragments  after  a  few minutes;  dissolution  is 
usually allowed to proceed for at least  1 hr at 0°C 
before  centrifuging  to  remove  undissolved  ma- 
terial. 
The pellet from this centrifugation  contains the 
KCl-insoluble  material  of the  mitotic  apparatus, 
and  the  nature  of  this  material  has  been  deter- 
mined  by electron  microscopy.  Previous observa- 
tions  with  the  phase-contrast  microscope  on  the 
breakdown  of the MA in salt solutions had  shown 
that  fine granular  material  remains  after dissolu- 
tion  (18),  and  electron  microscope  studies  had 
demonstrated  the  presence  of  large  numbers  of 
vesicles, presumably  lipoprotein,  scattered  among 
the filaments of the isolated MA (19). As might be 
predicted  from  these observations,  the  KCl-insol- 
uble pellet consists largely of such vesicles (Fig.  1), 
quite uniform in size and similar in appearance  to 
those seen in the MA. These vesicles make up the 
bulk of the insoluble material,  while a  small area 
at the centrifugal end of the pellet contains a num- 
ber  of  other  cytoplasmic  components  (Fig.  2)) 
which  are  occasionally found  as  contaminants  of 
the  isolated  MA.  Of  major  importance  for  the 
present work, however, is the fact that no evidence 
of microtubules or other filamentous material  can 
be found at any level in the pellets.  Treatment  of 
the MA with  solutions of high ionic strength  thus 
dissolves the microtubules, causing the breakdown 
of the organized  structure  of the MA and  freeing 
the  vesicles present  in  the  interior  of the  spindle 
and  asters. 
An estimate of the distribution of the total pro- 
tein of the MA between the KCl-soluble and KCI- 
insoluble fractions  can  be made  by dissolving the 
KCMnsoluble  pellet in 0.1  M KOH.  In a  series of 
five  experiments,  the  KCl-soluble  fraction  made 
up  50-70%  of the total protein,  with an  average 
value of 60 %.  In terms of the yield from  1 ml of 
packed  cells,  approximately  0.1  ml  of MA is ob- 
tained,  containing  0.75  mg  of  total  protein,  of 
which 0.45 mg is KC1 soluble and 0.30 mg is KC1 
insoluble. 
Since no evidence of microtubules or other fila- 
mentous  structures  can  be  found  in  the  KCl-in- 
soluble pellet,  the KCl-soluble fraction  must con- 
tain  the  dissolved  components  of these  elements. 
When  run  in  the  analytical  ultracentrifuge,  this 
solution gives a  relatively simple  schlieren pattern 
(Fig.  3).  One major,  rapidly sedimenting  peak  is 
present,  with  an  unextrapolated  sedimentation 
coefficient of 22S,  plus a  smaller amount  of more 
slowly sedimenting, heterogeneous material in the 
range of 4-5S. The 22S material makes up approx- 
imately 80%  of the  protein  present  in  the  KC1- 
soluble  fraction  (and  thus  one-half  of  the  total 
protein  of the MA)  and  it is this relatively homo- 
geneous  component,  which  forms  the bulk  of the 
soluble  protein  of the  glycol-isolated  mitotic  ap- 
paratus,  that  is  of major  interest  in  this  and  the 
following report (47).  This is not to imply that the 
more  slowly  sedimenting  material  may  not  also 
be of importance in the MA, but the small amount 
present  and  its heterogeneity make  it much more 
difficult to isolate any well-defined component for 
investigation. 
This  pattern  is  simpler  than  that  found  by 
Dirksen  (9)  and  by Sakai  (42)  for dithiol-isolated 
MA. In addition to much larger amounts of slowly 
sedimenting material,  both of these authors found 
that  a  14S  component was present,  while the 22S 
component made up a  relatively small fraction of 
the  soluble  material.  However,  Sakai's  results 
(42) indicate that the 14 and 3.5S components are 
245  THE  JOURNAL  OF  CELL  BIOLOGY " VOLUME  3~,  1967 FIGURE  1  Centripetal part of the pellet which remains after dissolving glycol-isolated mitotic appa- 
ratuses in 0.6 M KCL. X  ~3,500. 
FIGURE  ~  CentrifugM  end of the same pellet. Swollen mitochondria (M) and lysedyolk granules (Y) can 
be identified and art intact granule, possibly pigment, is present at P.  )<  ~3,500. 
247 FIGURE 3.  Soluble fraction of the  glycol-isolated mitotic  apparatus  dissolved in  0.6  M KC1.  48  min 
after reaching speed of 4~,040 rpm, bar angle 50  °. 
FmVRE  4  Supernatant  solution from glycol isolation,  concentrated  and  dialyzed into 0.6  M KC1. 16 
min after reaching speed of 59,780 rpm, bar angle 60  °. 
FIGURE 5  Glycol extract of unferLilized eggs,  dialyzed into 0.6  M KCI. 48 min after reaching speed of 
4~,040 rpm, bar angle 60  °. 
related,  and  in the following report  (47)  it will be 
demonstrated  that a  14S component and  a variety 
of smaller components can be obtained from a ho- 
mogeneous preparation  of 22S protein under suit- 
able conditions. 
Distribution of the 22S Component in the Cell 
The  extracts  of  metaphase  eggs  prepared  by 
Kane  and  Hersh  (23)  contained  a  component 
similar  to  this  22S  protein  which  makes  up  the 
bulk  of the  soluble  protein  of the  glycol-isolated 
MA.  These  extracts  contained  a  relatively  large 
amount  of this component,  even though the  eggs 
had been treated with the low temperature ethanol 
solution  then  used  to  render  the  MA  insoluble, 
thus  eliminating  this  protein  from  consideration 
at  that  time as  a  possible  MA  constituent.  How- 
ever,  this result would also be obtained if the 22S 
component  is present in  the  egg in amounts  con- 
siderably in excess of that which is involved in the 
MA.  This possibility was  investigated in the pres- 
ent  experiments  by  retaining  the  supernatant 
solution  from  an  isolation  procedure,  removing 
the  particulate  material  by  centrifugation,  and 
concentrating  the  soluble  protein  present.  The 
schlieren  pattern  of an ultracentrifuge run on the 
resulting  solution  is  shown  in  Fig.  4.  An  easily 
identifiable  22S  peak  precedes  the  large  amount 
of more slowly sedimenting material present.  In a 
following report  (47)  it will  be  shown  that  such 
22S material,  prepared  from eggs by a  number of 
methods,  is identical in its physical properties and 
amino  acid  composition  with  that  present  in  the 
KCl-soluble fraction of the isolated MA. 
However, the concentration relations of the com- 
ponents  in  the  KCl-soluble  MA fraction  and  the 
cell  lysate  are  reversed.  The  22S  protein  forms 
about  80%  of  the  KCl-soluble  fraction  of  the 
glycol-isolated  MA,  whereas  this  component 
makes up  only 25 %  of the  protein  present in  the 
lysate.  This  difference  in  composition  is  of con- 
siderable  significance  since  it  indicates  that  the 
protein  obtained  from the dissolved MA does not 
originate  from  soluble  cytoplasmic  material 
trapped  in  the  interstices  of  the  apparatus  and 
not  removed  by  washing,  as  this would have the 
same  relative composition as the supernate. 
Measurements  of the soluble protein  present in 
the lysate from a  number of isolation experiments 
gave an  average value of about  50  mg of soluble 
protein  per  milliliter  of  packed  cells,  under  the 
conditions  of this  experiment.  If the  22S  compo- 
nent makes up one-quarter of this soluble protein, 
approximately  12  mg of 22S  protein  are  present 
in  1  ml  of  cells.  This  amount  of 22S  protein  is 
much in excess of that recovered from the isolated 
mitotic  apparatus;  the  measured  values  indicate 
that only 3-4% of the total 22S is found in the MA. 
The value for the percentage of 22S in the MA may 
be  somewhat  low,  as  a  result  of less  than  100 % 
synchrony,  yield,  or  recovery  of  MA,  but  it  is 
clear  that  only  the  order  of 5 %  of the  total  22S 
protein present in the cell is involved in the glycol- 
insoluble structure of the isolate mitotic apparatus. 
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similar protein is present in extracts of unfertilized 
eggs, and the experiments of Went (50, 52) showed 
that  a  component  immunologically similar to the 
protein of the MA could be detected in the unfertil- 
ized  egg.  This  observation  was  confirmed  in  the 
present  experiments  by  preparing  extracts  of un- 
fertilized eggs with a  procedure identical with that 
used for isolation. Such extracts (Fig. 5) are similar 
in  composition  to  those  from  metaphase  eggs, 
with  the  22S  protein  again  making  up  approxi- 
mately one-quarter of the soluble protein  present. 
Measurements of the total protein  soluble in  12% 
hexylene  glycol give the  same value as for meta- 
phase  eggs,  thus  giving  the  same  result  for  the 
quantity of 22S protein  per milliliter of cells. The 
amount of protein involved in the mitotic appara- 
tus  is,  of course,  too  small  to  make  a  detectable 
difference in these amounts. 
Relation to  Total Cell Protein 
The finding that only a small fraction of the total 
22S  protein  present  in  the  egg is involved in  the 
structure  of the first cleavage mitotic apparatus  is 
of considerable  significance  with  regard  to  such 
problems as the origin of mitotic apparatus protein 
and  the mechanism and  control  of the process of 
assembly of the MA from smaller units,  and  this 
relation of MA 22S to cell 22S would appear to be 
the most useful comparison. However, it is of some 
interest to relate the total MA protein to total cell 
protein, since such measurements have been made 
in  other  investigations  (33,  35).  This  relation  is 
probably  not  of general  significance,  since  it  in- 
cludes all the proteins of the cell, which in the case 
of egg cells involves a large amount of storage pro- 
tein.  Also,  the  variety  of  materials  present in a 
preparation  of whole  eggs  renders  any  value  for 
total  protein  somewhat  ambiguous,  as  the defini- 
tion of protein depends on the method of measure- 
ment used. 
An estimate of the total cell protein was obtained 
by dissolving in KOH  the residue remaining after 
the extraction of unfertilized eggs with glycol solu- 
tion. The protein present in this solution was then 
added to that present in the glycol extract, to give 
a  value for total protein. An average of 150 mg of 
protein per milliliter of packed cells was obtained, 
in  good  agreement  with  the  values  for  Kjeldahl 
nitrogen per milliliter of A. punctulata eggs reported 
by Ballentine  (2).  With the use of a  factor of 6.25 
mg protein per milligram of nitrogen, BaUentine's 
results give an average value of 168  mg of protein 
per milliliter of cells. 
The value for the total cell protein can then be 
used  to calculate a  value for the total mitotic ap- 
paratus protein as percentage of the total cell pro- 
tein,  which  in  this  case  is  approximately  0.5%, 
considerably lower than  the values previously re- 
ported  (33,  35).  The  total  cell  protein  measure- 
ment  can  also  be  used  to calculate that  the  22S 
protein makes up about  8 %  of the total protein of 
the cell. 
DISCUSSION 
Origin of the 22S Protein in the Isolated MA 
These  experiments  demonstrate  that  the  22S 
protein  is  the  major  soluble  component  obtained 
by dissolving the glycol-isolated mitotic apparatus 
in solutions of high ionic strength.  In addition,  it 
will be shown in a following report (47)  that many 
of the differing components  obtained  by previous 
workers from other dissolved MA can  be derived 
from this one protein. 
The evidence presented  here indicates that  this 
protein  originates from,  or is associated  with,  the 
filamentous elements of the mitotic apparatus.  The 
following observations support this conclusion: 
1.  When  observed  with  phase  contrast,  the 
breakdown  of the  MA  in  salt  solution  is  seen  to 
begin  with  a  collapse  of  the  organized  fibrous 
structure of the MA, freeing the chromosomes and 
small  granules,  which  then  disperse.  Since  the 
microtubules  form  the  only  continuous  elements 
in  the MA,  their dissolution  should  produce  pre- 
cisely this breakdown  of the organized MA struc- 
ture. 
2. Electron microscope examination of the pellet 
of KCl-insoluble  material  shows  that  it  contains 
the vesicular components of the MA, with no evi- 
dence  of microtubules  or other filamentous struc- 
tures, whereas these microtubules are easily visible 
in  electron micrographs  of the isolated  MA  (19). 
Thus,  unless  the  microtubules  are  considered  to 
be present in some insoluble but invisible form in 
the  pellet,  their  soluble  components  must  be 
present in the supernatant  solution. 
3.  This solution contains one major ultracentrif- 
ugal  component,  the  22S  protein,  plus  a  smaller 
amount  of  more  heterogeneous  material  sedi- 
menting  at 4-5S.  Both  of these components  may 
have  arisen  from  the  breakdown  of the  microtu- 
bules,  but  the  22S  protein  is  of primary  interest 
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soluble material.  The total amount of slowly sedi- 
menting material is much less than that of the 22S 
component,  and,  as  it is quite  heterogeneous,  no 
one  component  of  this  material  is  likely  to  be 
present  in  sufficient amount to account for the to- 
tal protein of the tubules. This fraction may include 
other MA components, such as those of Sakai (42), 
but  the  relatively  small  amount  present  in  the 
glycol-isolated MA and  the large  amount  of ma- 
terial  in  this  sedimentation  range  present  in  the 
egg make such identification difficult. 
4. If the 22S protein does not originate from the 
fibrous  structure  of  the  MA,  its  presence  in  ex- 
tracts  of the  MA would  require  some alternative 
explanation.  It is unlikely to have originated from 
soluble  lysate  material  trapped  in  the  interstices 
of the MA,  since such trapped  material would be 
expected to have a  protein  composition similar to 
that  of the lysate,  while the KCl-soluble material 
of the MA contains much more of the 22S protein 
than  of  the  more  slowly  sedimenting  material, 
which is the reverse of the composition of the lysate 
solution.  Yolk  granules  attached  to  the  MA  are 
also an unlikely source, as they are few in number 
and  are  apparently  already  osmotically  lysed  by 
the  glycol  solution  and  unaffected  by  the  KC1 
extraction,  since  they  have  the  same  appearance 
in electron micrographs of the freshly isolated MA 
(19)  as  they  have  in  the  KCl-extracted  pellet 
shown here. 
The possibility of either of these sources for the 
22S protein is rendered even more improbable by 
the  observation  that  the  22S  protein  of the  MA 
becomes insoluble in KC1 with time, and  this loss 
of solubility of the MA is accompanied by changes 
in  the  fine  structure  of  its  microtubules  (22). 
These  effects are  temperature  dependent,  and  in 
each case  the  loss of solubility of the 22S  protein 
is correlated  directly with  the structural  changes. 
These results are difficult to explain on the basis of 
trapped  lysate material or extracted  granular pro- 
tein. 
One  alternative  explanation  for  the  origin  of 
the  22S  protein,  which  cannot  be  eliminated  on 
the basis of the experiments reported  here, is that 
it exists in the MA in bound form, associated with 
the  microtubules,  rather  than  forming  part  of 
their  structure.  Since the 22S  protein  of the MA 
cannot  be  removed  by  extensive  washing  with 
glycol solution, in which it is known to be soluble, 
but is immediately released  upon  the breakdown 
of  the  structure  of  the  MA  in  solutions  of high 
ionic strength,  this hypothesis  would  require  that 
the protein  be associated directly with the micro- 
tubules  in  such  fashion  that  it becomes available 
only  upon  their  dissolution.  The  possibility  that 
the 22S  protein  exists in  such  bound  form in  the 
MA must remain until the structural organization 
of the microtubules of the MA is clarified. 
Role of the 22S Protein in the Cell 
The presence of an  excess of 22S protein in the 
unfertilized  egg relates directly to the problem of 
possible  "precursors"  to  the  mitotic  apparatus, 
which  has  been  investigated  with  immunological 
methods  by Went  (50,  52).  The  results  obtained 
here  confirm  Went's  observation  that  a  major 
component of the isolated mitotic apparatus  could 
be detected in the unfertilized egg. In later studies 
(51)  a  second  component  was  identified  and  also 
found in the unfertilized egg. The presence of some 
protein related to the mitotic apparatus  in the un- 
fertilized  sea  urchin  egg  is  hardly  surprising,  as 
these cells have already completed two maturation 
divisions. The number  of cleavages that  might be 
carried out with this preexisting protein is difficult 
to  compute,  for,  although  it  is  obvious  that  the 
the volume of the cells must halve at each division, 
there  is little information  on  the  relation  of MA 
size to cell size in later divisions, and  the observa- 
tion  of  Harris  (12)  that  later  divisions  may  be 
anastral  adds  an  additional  complication.  These 
questions  are  also  related  to  the  problem  of the 
synthesis of mitotic apparatus  proteins,  which has 
been investigated by a  number  of workers  (6,  11, 
32, 44), but, until the number of proteins involved 
in  the  mitotic  apparatus  and  their  roles  in  its 
structure  are known,  the data presented here can- 
not  contribute  directly  to  the  solution  of  this 
problem. 
Following  the  preliminary  work  of  Stephens 
(46)  on  the  characterization  of  228  protein, 
Malkin et al.  (31)  reported on a  protein of similar 
properties  which  was  found  to  be  localized,  at 
least  in  part,  in  the  granule  fraction  of  the  sea 
urchin  egg.  This is in  agreement  with  the  obser- 
vations of Went  (51),  who found  that  both of the 
immunologically  identifiable  precursors  of  the 
mitotic apparatus were associated with the granule 
fraction of the egg. This material thus may be pres- 
ent  in  both  a  soluble pool and  an insoluble pool, 
with  only  a  fraction  of the  total  protein  present 
available in soluble form at any time.  Went  (51) 
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tration  of soluble  precursor  in  the  cell  might  be 
held  constant  by mobilization from  the  insoluble 
pool. 
The presence of excess spindle-associated protein 
in  the  cell  is  also  relevant  to  the  work  of Inou6 
(14-16),  who has  postulated,  on the basis  of tem- 
perature-birefringence  measurements,  that  a  dy- 
namic  equilibrium  might  exist  between  oriented 
material  and  unoriented  material  in  the  spindle 
and  has  suggested  that  this equilibrium might be 
involved  in  chromosome  movement.  The  deter- 
mination of whether the excess 22S protein in the 
cell is involved in such an equilibrium must await 
further clarification of its role in the mitotic appa- 
ratus,  but  such  a  possibility  remains  as  an  in- 
teresting speculation. 
The relation of the 22S protein  to the structure 
of the  mitotic  apparatus  will be  discussed  in  the 
following report  (47),  after the presentation  of the 
physical characteristics of the protein. It is obvious, 
however, that the protein as isolated  from the mi- 
totic apparatus  and the cell is too large to form a 
subunit  of the microtubule as presently visualized 
(1,  3, 27, 37). The fact that this protein is obtained 
in  the  form  of a  22S  particle  from  the  dissolved 
MA does not require, of course, that it exist in this 
form  in  the  intact  mitotic  apparatus.  It  may  be 
reduced  to one of its subunits  (47),  undergo other 
conformational  changes,  or  require  the  addition 
of other protein  components  before incorporation 
into  the  MA.  The  more  slowly sedimenting  ma- 
terial found in the KCl-soluble fraction may be of 
importance  in  the  latter  case.  If  this  protein  is 
associated with,  rather  than forming a  subunit of, 
the microtubular  structure  of the MA,  these geo- 
metrical  restrictions  would  no  longer  apply.  In 
any case,  the fact that  this protein  makes up  the 
largest part of the soluble protein of the MA after 
dissolution of its microtubules and can account for 
most of the other components  seen in the soluble 
fraction by previous workers  (47)  indicates that it 
must  have  some  basic  role  in  the  structure  and 
function of the mitotic apparatus. 
Relation to  Total Cell Protein 
The value of 0.5 %  obtained here for the relation 
of  total  mitotic  apparatus  protein  to  total  cell 
protein  is  considerably  lower  than  previously re- 
ported  values,  and  this  discrepancy  will  be  con- 
sidered briefly. No exact value for this relation can 
be expected, since the size and  degree of contam- 
ination  of  the  mitotic  apparatus  vary  with  the 
exact stage of division used  and with rather  small 
changes  in  the  isolation  conditions  (20).  Mazia 
and  Dan  (33)  originally reported  that  2 %  of the 
total  cell protein  was  found  in  the  MA,  but  this 
was revised upwards  in the experiments of Mazia 
and  Roslansky  (35)  to  12 %,  a  value very much 
larger  than  that  found  here.  Since  this  relation 
involves a  value for the total cell protein  and  the 
total MA protein, these will be considered in order. 
The value of 150 mg of total protein per millili- 
ter of packed cells found here is in agreement with 
the  values  in  the  literature.  Most  measurements 
are given in terms of protein per cell, which in the 
present case would be 3.2  ×  10  -5.  The value ob- 
tained by Ballentine (2) for the egg of A. punctulata 
in these terms is 3.7  X  10  -5  mg  protein  per egg. 
Data  in  the literature  allow the  calculation  of at 
least  two  independent  values  for  the  eggs  of S. 
purpuratus. These eggs have a  diameter of 80  tt, as 
compared  with  74 #  for A. punctulata, and  have a 
correspondingly larger amount of protein per egg, 
since  the  number  of  eggs  in  a  given  volume  is 
smaller.  Leitch  (28)  reported  two  values  from 
determinations  of Kjeldahl nitrogen,  which  aver- 
age  to  4.3  X  10  -5  nag  of protein  per  egg,  and 
Kavanau's  extensive  measurements  on  the  free 
and protein-bound amino acids in this egg (24) can 
be recalculated to give another measure of protein 
per egg. Excluding the values for free amino acids 
and  using  an  average  residue  weight  of  115,  his 
results give a  value of 4.7  X  10  -5 mg  of  protein 
per egg.  Thus  it seems reasonable  to assume  that 
the value for A. punctulata lies in the range of 3-4 
X  10  -5 and that for S. purpuratus in the range of 4-5 
X  10  -5 mg of protein per egg. In the first measure- 
ment of the relation of MA to egg protein,  Mazia 
and Dan  (33)  estimated a  value for total egg pro- 
tein  of 14  X  10  -5 mg, but later measurements  of 
Mazia  and  Roslansky  (35)  gave  a  value  of  6.2 
X  10  -5 mg,  in  general  agreement  with  the  val- 
ues  summarized above. 
In  the  present  experiments,  1 ml  of packed  A. 
punctulata  eggs  yielded  approximately  0.I  ml  of 
MA,  which  contained  0.75  mg  of  total  protein. 
Dividing by the number of eggs per milliliter gives 
a value for protein per MA of 0.016  X  10  -6, more 
than  an  order  of magnitude  smaller  than  those 
reported by previous workers. Mazia and Dan (33) 
gave  a  value  of  0.34  X  10  -5  and  Mazia  and 
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tein per MA. Differences in the value for the per- 
centage of total cell protein contained in the MA 
are  thus  primarily  due  to  the  difference  in  the 
figures  for  protein  per  MA,  suggesting  that  dif- 
ferent  isolation  methods  might  be  responsible. 
However,  Mazia and Dan  (33)  also reported  that 
10  ml  of eggs  gave approximately  10  nag of MA 
protein, or 1 mgof MA protein per milliliter of cells 
in fairly good agreement with the value of 0.75 mg 
of  MA  protein  per  milliliter of cells  obtained  in 
these experiments.  The yield of total MA  protein 
per volume of cells is thus independent of the iso- 
lation method used,  and this yield is incompatible 
with a value of 12 %  for the total cell protein in the 
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